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Phosphorus (P) is a concern in stormwater runoff in urban ecosystems. Passive 
treatment methods as bioretention have been considered for phosphorus removal. 
Siderite has shown potential in the removal of dissolved phosphorus from aqueous 
solution. The present study found that siderite had a phosphorus adsorption capacity of 
94.27ug/g, described by the Langmuir isotherm adsorption model, for an initial 
concentration of 1 mg P/L and a solid-liquid ratio of 1:100 at 22oC, after 12 hours. A 
bioretention soil mix was also tested, and was found to have produced phosphorus due 
to leaching.  A combination of the bioretention soil mix and siderite was also tested, and 
the presence of siderite in the combination was able to reduce the phosphorus 
concentration by 40-47% during the first 15-minute contact time. 
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Chapter 1: Introduction 
1.1 Background 
Stormwater is considered as a non-point source of pollution inputs to receiving 
waters, including rivers, lakes and oceans.  Non-point sources include stormwater 
runoff, atmospheric deposition, runoff from agriculture and changes to land use. There 
is significant concern regarding the eutrophication of receiving waters due to inputs of 
phosphorus (P) and nitrogen (N) in excess (Carpenter et al., 1998). 
Green infrastructure is defined by USEPA as the set of technologies, techniques 
and practices that leads to the reduction of the amount of stormwater runoff that goes to 
sewer overflow systems, and it has been considered as best practices at the local level 
(CWAA, 2011). The performance of green infrastructure has shown  improvements in 
water quality by nutrient removal that varies depending on the type of Best Management 
Practice (BMP) that is implemented (Clary, Jones, Leisenring, Hobson, & Strecker, 
2017). 
The New York State Stormwater Management Design Manual considers 
biofiltration stormwater management practices for managing stormwater runoff. These 
practices include bioretention, rain gardens, green roofs and stormwater planters (NYS-
DEC, 2015). Among the stormwater control measures (SCMs), bioretention has shown 
potential in their ability to remove nitrogen. There is a wide range of nitrogen removal for 
the different SCMs, so additional research is required on the development of design 
criteria of these SCMs to enhance nitrogen removal (Collins et al., 2010). 
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Bioretention systems, a low impact development best management practice (LID 
BMP), are designed to collect, store and infiltrate stormwater runoff (PGC, 2007). 
Biofiltration systems improve the water quality of stormwater and reduce runoff volumes 
(Hatt, Fletcher, & Deletic, 2009). The biofilters effectively removed suspended solids.  
Phosphorus removal was correlated with the removal of suspended solids, since the 
phosphorus removed was mainly particle-bound. However, leaching of dissolved 
phosphorus through the biofilter can reduce the overall effectiveness of biofiltration 
(Blecken et al., 2010; Hatt, Deletic, & Fletcher, 2007). 
Some materials like siderite, a readily available natural material of formula 
ferrous carbonate (FeCO3), have shown potential in the removal of phosphorus from 
aqueous solution. The principal phosphate removal mechanism was chemical 
adsorption, primarily by the oxidation of siderite to produce iron hydroxide. Some 
authors have evaluated the phosphorus removal of the siderite and have found that it 
was capable of removing phosphorus, reducing the concentration from 1 mg/L to 0.025 
mg/L in a 1:500 solid-liquid ratio (Xing et al., 2016). Other authors have found that 
phosphorus removal of siderite was improved when the dosage of siderite increased 
from 0.5 to 10 grams (in 40 ml of solution at 20 mg P/L concentration). There is a 
relationship between particle size and phosphorus removal rate due to the increase in 





1.2 Research Objectives 
The present study characterized the total dissolved phosphorus (P) adsorption by 
siderite and the phosphorus adsorption/desorption from a bioretention soil mix and the 
combination of bioretention soil mix and siderite. This study will contribute to the design 
of bioretention facilities, addressing the total dissolved phosphorus removal by 
establishing design mix rates for use in passive treatment systems such as bioretention 














Chapter 2: Literature Review 
2.1 Bioretention systems 
A bioretention system is a control practice that uses chemical, biological and 
physical properties of the combination of plants, microbes and soils to control quantity 
and improve water quality from stormwater runoff through the removal of pollutants. 
Among the processes that could take place in the bioretention facility includes filtration, 
adsorption, sedimentation and bioremediation (PGC, 2007). Biofiltration systems are a 
technology used for stormwater management. In some column scale studies biofilters 
attenuate peak runoff flow rates by 80%, and on average reduced  runoff volumes by 
33%. It was found that the inflow volume was the factor that influenced the water 
retention (small to medium storm assessed). Vegetation shown its importance 
maintaining hydraulic capacity due to root growth. Biofilters effectively removed heavy 
metals and suspended solids. The removal of nutrients was variable. Regarding 
phosphorus removal the filter medium should have a low phosphorus content. 
Considering the high solubility of nitrogen, it  was more difficult to remove (Hatt, 
Fletcher, & Deletic, 2009). 
Biofilters reduced total suspended solids concentration in an average of 98%. 
Total phosphorus was reduced by 80% on average, vegetated columns showed higher 
removal of total phosphorus (TP) and phosphate (PO4) than unvegetated. When storm 
volume increased, the removal of total phosphorus  and phosphate decreased, but 
output concentrations were similar. The filter depth did not affect the removal of P. The 
addition of compost increased the production of phosphorus. Overall, considering the 
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plants and media type, a biofilter could reduce 50-70% of nitrogen and 90% of 
phosphorus (Fletcher, Zinger, Deletic, & Bratières, 2007). 
Regarding the nutrient removal, the plant species, Carex appressa followed by 
Melaleuca ericifolia, performed well. The experiment was carried out for nine months. 
The authors found that if the target pollutant is total suspended solids, a high infiltration 
rate filter media that remains stable and is not leaching is more important. Regarding 
total phosphorus, the filters media reduced the concentration by 85% and the selection 
of vegetation helped to improve it by 90%., the authors also suggested not to add 
compost or mulch directly into sandy loam filter media. Regarding the selection of 
vegetation, it optimized the removal of nitrogen and phosphorus; in the case of Carex it 
may be due to the high root density, and in the case of Melaleuca it is due to the 
presence of arbuscular mycorrhizal fungi. The filter depth did not limit the pollutant 
removal. The study showed that the larger storm volumes affected the performance, 
and biofilters with 4% catchment area performed better than the ones with 2% 
catchment area (Fletcher et al., 2007). 
2.2 Phosphorus removal in bioretention systems 
Phosphorus can be sorbed onto soil through fast reversible sorption and slow 
processes that includes deposition below the surfaces of iron or aluminum oxide 
minerals in soil or precipitate as calcium phosphate (McGechan & Lewis, 2002). 
Blecken et al. (2010) obtained a phosphorus removal of 91.4 ± 6.6% (initial mean 
concentration of 0.31 ± 0.01 mg/L) and found that the effect of the temperature was not 
significant in the performance of the biofilters. The phosphorus removed was mainly 
particle-bound, which was correlated to total suspended solids outflow concentrations.  
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In soil-based and sand filters, according to Hatt et al. (2007), 80% of removal of 
solids and more than 90% of lead, copper and zinc was achieved. The biofilter media 
were effective in the removal of suspended solids; the removal of total suspended solids 
by the soil-based columns was slightly lower than the sand media. Phosphorus was 
removed in the upper 30 cm of the sand filter, primarily because the phosphorus was 
mainly bounded to particulate matter. In the soil-based filters, the total phosphorus 
decreased in the first 10 cm, then the concentration increased, which suggests leaching 
from the media, where the total phosphorus is largely in its dissolved form. It was also 
found that after 5 weeks, the phosphorus removal performance did not show change in 
performance for any of the filters (Hatt et al., 2007). 
According to Wu et al. (2017) multi-layered biofilters with saturated zone and two  
vegetation types removed particulate matter effectively, reducing turbidity of over 95%. 
The effect on the removal of total nitrogen, total phosphorus and turbidity was 
significantly related to increasing the saturation time.  
Hsieh, Davis, and Needelman (2007) evaluated phosphorous removal using a 
continuous column test, with three small columns (40 cm long x 6.4 cm inner diameter) 
with different sand-to-soil ratios.  At an influent concentration of 3 mg-P/mL and a 
continuous flow for 29 days, the authors found that during the first 6 days the 
phosphorus effluent was at 23 to 28% of the influent. After 20 to 43 empty bed volumes, 
the concentration of the effluent was greater and broke through the columns. At 100 
empty bed volumes, the columns were saturated with phosphorus. The authors carried 
out a batch study to determine the short-term phosphorus sorption capacity of the 




Siderite is a natural material of formula ferrous carbonate (FeCO3) which can be 
used for phosphorus removal. Some authors found that, since siderite is susceptible to 
oxidation in water, the foundation of using siderite for phosphorus removal is the 
oxidation of natural siderite to form hydroxide or hydrated oxide that can adsorb 
phosphorus by OH- coordination exchange. Dissolved oxygen is important, and 
according to some studies (Xing et al., 2016), siderite under aeration conditions showed 
an increase in phosphorus adsorption compared to anaerobic conditions. Chemical 
adsorption is the removal mechanism for phosphate. Xing et al. (2016) evaluated the 
phosphorus removal of phosphate and found that after adsorption at 25 °C, the 
phosphorus concentration was 0.025 mg/L from an initial 1mg/L, and 1:500 solid-liquid 
ratio. The adsorption equilibrium occurred at 8 hours and 25 °C, and the phosphorus 
saturated adsorption capacity was 6.101 mg/g. It was found that at approximately 15-
minute contact time the removal was 0.3 mg P/g and at 24-hour was about 0.5 mg P/g 
(for a 0.05 to 0.1 mm particle size), which accounts for about a 60% phosphorus 
removal by siderite in a relatively short contact time. The authors also indicated the 
potential use of siderite for phosphorus removal in urban water purification systems. 
Zhang et al. (2017) found that the equilibrium of the adsorption of phosphorus 
from wastewater was at 48 hours, at initial pH 6.0 and 20 mg/L of initial phosphorus 
concentration. As expected, the phosphorus removal improved when the dosage of 
siderite was increased (from 0.5 to 10 g). They found that the smaller the particle size 
(reduced from 20 mesh to 250 mesh), the greater the removal rate of phosphorus. This 
8 
 
was attributed to the increase of specific surface area (from 0.53 m2·g-1 to 2.21 m2 ·g-1) 
and the contact area between the siderite and the solution.  
Xing et al. (2017) evaluated the use of activated siderite ore in the removal of 
phosphorus, annealing the siderite ore at different temperatures and durations. They 
found that the siderite transforms to hematite when the annealing temperature 
increased to 450 °C. At a 470 °C annealing temperature, the surface area increased 
from 4.17 m2/g to 57.5 m2/g. It also found that the siderite was efficient at removing 












Chapter 3: Materials and Methods 
3.1 Materials 
In the present study, siderite and a bioretention soil mix derived from a 
NYSERDA-sponsored project investigating the design specifications for bioretention 
materials performance were used. The siderite characteristics are summarized in Table 
1. The bioretention soil mix composition is 90% sand, 5% silt, 5% clay and 1.9% organic 
matter.  A local contractor custom-blended the bioretention soil mix using topsoil, clay, 
sand and organic matter comprised of commercial compost from Onondaga County 
Resource Recovery Agency [OCRRA]) (Appendix 1). 
3.2 Batch phosphorus sorption test 
The potential siderite adsorption capacity was determined using bench-top 
techniques. In conical flasks containing 100 mL of 1 mg-P/L potassium phosphate 
solution (KH2PO4), different masses (0.1 to 50 g) of siderite were placed and stirred, to 
determine the phosphorus sorption capacity of siderite. The suspension was at 
laboratory temperature (22oC) and sampled at 15, 60, 360, 720 and 1440 minutes after 
the initiation of the contact time. At each contact interval, a sample was taken and 
filtered through Whatman membrane filters (0.45 µm) (GE Healthcare Life Sciences, 
Pittsburgh, PA). The concentration of total dissolved phosphorus was measured using 
Hach Acid Persulfate Digestion method 8190 and analyzed using Thermo-Scientific 
Aquamate Plus UV-VIS spectrophotometer. In this method, organic and condensed 
inorganic forms of phosphate (PO43–) (meta-, pyro- or other polyphosphates) were 
converted to reactive orthophosphate, and its concentration was measured. The 
decrease in the solution phosphorus concentration was used to determine the amount 
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of phosphorus sorbed per gram mass of sorbent (siderite). A solution without any 
siderite addition was used as control. 
As the soil mix could increase the phosphorus concentration in the bioretention 
application, a leaching trial was conducted to determine the phosphorus leaching 
potential. For this trial, 400 grams of the soil mix  were placed in 1 liter of deionized 
water (DI) under static conditions. A 10 ml sample was withdrawn from the original 
sample at different time intervals during a 24-hour period.  Two replicates were 
completed to estimate the phosphorous leaching potential.  
To determine the effect of the interaction of the soil mix and siderite, 450 grams 
of the soil mix with 30 grams of siderite were placed in 1 liter of deionized water with a  
magnetic stirrer to provide continuous contact. A 10 ml sample was withdrawn from the 
solution at different intervals during a 24-hour period to provide a comparison between 
the soil and the soil/siderite mixtures. In order to have consistent particle size 
distribution of the soil mixture, the soil mix was sieved through mesh#35 (500 µm), #60 
(250 µm) and #230 (63 µm) before the test and split in half (this procedure was done for 
each of the 3 replicates). The samples were filtered and analyzed as previously 
described. The materials used to make the bioretention soil mix were air dried and its 
blending was made under these conditions. 
Bray P-1 extraction, a method that has been used as an index of available 
phosphorus in soils, was performed by SUNY-ESF Soils Laboratory by shaking 2 grams 
of soil mix with 20 ml of the extracting solution (0.03N ammonium fluoride [NH4F] and 
0.025N hydrochloric acid [HCl]) for 15 min (Soils-Laboratory, 2019).   
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Table 1 Physicochemical characteristics of siderite 
Characteristics Value  Characteristics Value 
Particle size 90% thru 100 
mesh (≤ 
0.149 mm), 
80% thru 200 
(≤ 0.074 mm) 
 CaO 0.85% 
Bulk Density 110 pounds 
per cubic foot 
 MgO 0.79% 
Specific Gravity 3.68  ZnO 0.75% 
pH 6.8  S 0.40% 
Color Dark grey to 
reddish 
brown 
 Cu 0.30% 
Fe as elemental 39.32%  Other 0.04% 
Fe2CO3 81.57%  Pb (lead) <20 ppm 
SiO2 9.39%  As (arsenic) <20 ppm 
Al2O3 2.86%  Cd (cadmium) <5 ppm 
K2O 1.98%  Sb (antimony) <5 ppm 














Chapter 4: Results and Discussion 
4.1 Batch Isotherm Test Results: Siderite Performance 
In the batch study, total dissolved phosphorus was analyzed to evaluate soluble 
phosphorus interaction with the siderite. 
Using the Langmuir isotherm equation (Sparks, 2003), apparent short-term 
phosphorus sorption capacity was estimated: 







C = equilibrium concentration of the adsorptive (mg/L), 
q = amount of adsorption (adsorbate per unit mass of adsorbent) (µg/g), 
b = maximum amount of adsorptive that can be adsorbed (µg/g), and 
k = constant related to the phosphorus binding strength (L/mg). 
 
The Langmuir equation (1) provided a good fit to the observed data (R2=0.99), 
which means that Langmuir can describe the adsorption of phosphorus by siderite, and 
shows that the adsorption process tend to be a uniform monolayer adsorption process 
(Xing et al., 2016). The estimated saturated phosphorus adsorption capacity of siderite 
was 94.27 µg/g (b in equation 1). Zhang et al. (2017) found a maximum adsorption 
capability of 83.5 μg/g, and that phosphate adsorption may be described with the 
Freundlich isotherm model. Xing et al. (2016) found the phosphorus saturated 
adsorption capacity of 6.101 mg P/g, described by Langmuir isotherm adsorption model. 
4.1.1 Effect of Siderite Dosage: 15-minute contact period  
The effects of the addition of different amounts of siderite to the solution with an 
initial concentration of 1 mg P/L for a 15-min contact time can be seen in Figure 1. The 
15-minute contact period was meant to simulate the potential application in biofilters, 
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where a relatively short contact time during stormwater infiltration, and no saturated 
zone, would be expected for most conditions. As expected, there was an increase in the 
removal rate of phosphorus with an increase of the dosage of siderite for a constant 15-
minute period. Increasing the dosage of siderite from 0.1 to 10 grams in each sample 
increased phosphorous removal from 1% to 99% during the 15-minute contact period. 
These results are consistent with Zhang et al. (2017), who found that increasing  the 
dosage of siderite also increased the available adsorption surface area between siderite 
and solution. The authors also found an improved phosphate removal with an increase 
of the phosphate dosage (0.5 to 10 grams). 
 
Figure 1 Effect of the dosage of siderite on phosphorus adsorption for 15-min contact 





Table 2 Effect of dosage of siderite in removal percentage and phosphorus concentration 
for 15-min contact time (initial target concentration= 1mg P/L) 
Mass (g) Removal (%) Cf (mg P*L-1) 
0* 0% 0.97 
0.1 1% 0.96 
0.5 24% 0.74 
1 46% 0.52 
3 93% 0.07 
5 98% 0.02 
10 99% 0.01 
*0 g (control) used as initial P concentration. Cf = Final concentration 
4.1.2 Contact time of solution and siderite 
Since the present study is considering the use of siderite as a complement in a 
bioretention soil mix to enhance the phosphorus removal of the media from stormwater, 
a 15 minute contact time was considered as a minimum residence within a bioretention 
column. A maximum contact time of 24-hours was selected considering  that 
bioretention columns with a saturated zone are designed to drain within that period. 
Considering that the phosphorus removal by siderite was consistent with 
expected performance during the 15-minute test period, and to determine the influence 
of contact time on the effectiveness of siderite, two different masses of siderite were 
tested for a 24-hour contact period. Figure 2 illustrates the effect on phosphorus 
removal of different contact times for an initial concentration of 1 mg P/L and a mass of 
1 gram of siderite; as expected, as the contact time increased, the phosphorus 
adsorption (i.e., removal) increased. Phosphorus removal was approximately 100% 
effective after a 12-hour contact period, so it is not possible to determine if equilibrium 
conditions were achieved. Other studies (Xing et al., 2016) found the equilibrium to be 
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after 8 hours and others (Zhang et al., 2017) at 48 hours, under a 20 mg P/L initial 
concentration.  
Zhang et al. (2017) divided the phosphorus adsorption in three stages: first 
stage, less than 12-hour contact time, a higher slope of the adsorption curve; a second 
stage, 12-48 hour contact time, a lower increase in adsorption; and a third stage, a 
contact time over 48 hour, where adsorption reached equilibrium (Zhang et al., 2017). In 
the present study a similar trend was found, as shown in Figure 2, where a high 
phosphorus adsorption rate during the initial contact period stabilized at about the 6- to 
12-hour contact time. 
 
Figure 2 Effect of contact time of solution and siderite on phosphorus adsorption, (initial 
target concentration= 1mg P/L, N=3 replicates, average presented) 
(Xing et al., 2016; Zhang et al., 2017) found an inversely proportional relationship 
between particle size and the time to achieve adsorption saturation.  For the current 
study, the particle size of siderite was 90% thru #100 mesh (≤ 0.149 mm) and 80% thru 
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mesh #200 (≤ 0.074 mm), which corresponds with the particle sizes that achieved the 
best results. For instance, (Zhang et al., 2017) found that the removal of phosphorus 
was improved using the smaller particle size of siderite which was >#250 mesh (62µm), 
and (Xing et al., 2016) found better results using 0.05-0.10 mm particle size.  According 
to (Zhang et al., 2017) the improvement in phosphorus removal occurs when the size of 
siderite decreases, as its specific surface area is increased and the contact area 
between the solution and siderite is increased.  
4.2 Bioretention soil mix 
The tests performed on the bioretention soil mix demonstrated that the addition 
of compost as source of organic matter to the soil media mix (1.9% organic matter) is a 
source of soluble phosphorous.  As found by other authors (Fletcher et al., 2007), 
phosphorus was desorbed from the media, which would adversely affect the expected 
performance of siderite as an adsorbent in field application. The tests showed a general 
increase of concentration of phosphorus in water over time, with a rapid initial 
desorption of phosphorus into the water in the first 15-minutes contact time (0.4289 to 
0.9852 µg P/g of soil mix), reaching a peak concentration at 6- to 12-hour time (0.6288 
to 2.0022 µg P/g of soil mix), with an eventual decrease in concentration at 24-hour 
period (0.4672 to 0.6916 µg P/g of soil mix). This reduction of phosphorus concentration 
could be due to adsorption by sand and clay present in the media. As found in other 
studies (Sharpley, Ahuja, Yamamoto, & Menzel, 1981), there was a relationship 
between the logarithm of phosphorus concentration (µg P/g soil mix) and the logarithm 




Figure 3 Relationship between amount of phosphorus desorbed and contact time for 400 
grams (static conditions) and 450 grams (mixing conditions) of soil mix in 1 L of DI water 
(average presented) 
The variability among the different replicates in the phosphorus concentration of 
the soil mix could be due to the fact that the sample size used (400-450 g) represents a 
small portion of the initial 3.05 cubic meters of soil mix made by the local contractor. 
This variability among replicates can be observed in the slopes (0.1414 average) and 
intercepts (0.4745) of the different replicates, where only one replicate (under static 
conditions) showed a different trend (low slope) compared to the other ones for a ≤ 720 
min contact time.  
In addition of the desorption trials, Bray P-1 phosphorus extraction test was 
performed for the media mix. The phosphorus concentration was 57.68 mg/kg (SUNY 
ESF soils laboratory) which represents the amount of phosphorus that can potentially 
be desorbed into solution from the soil mix.  
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The phosphorus desorption in the trial period varied over time as presented in 
Figure 3. Considering the potential benefits of including organic matter as part of the soil 
mix (removal of metals and oils) (Hsieh et al., 2007), it would be convenient to evaluate 
the contribution of the media to the phosphorus concentration for a longer period of time 
and consider the removal of phosphorus via some process, to prevent long-term 
leaching of phosphorus from the media. 
4.3 Combination of bioretention soil mix and siderite 
Considering that this study is intended to contribute to the design of biofilters as 
passive treatment systems, a combination of the bioretention soil mix and siderite was 
tested to evaluate the effect of the combination of both materials on the effluent quality. 
The goal of the experiment was to evaluate the effect of siderite in phosphorus removal 
in combination with the soil mix, in which phosphorus desorption was suspected.  
Based on the results obtained from phosphorus adsorption of siderite (Figure 1), 
30 grams of siderite were added to the soil mix to evaluate the interaction of these two 
materials. Considering the variability in phosphorus desorption rates from the soil mix 
(Figure 3), a similar rate of phosphorus desorption over time was expected in these 
trials. As shown in Figure 4, phosphorus concentration in the solution increased over 
time, with a similar trend as in Figure 3. A lower phosphorus concentration compared to 
the control treatment (soil mix, no siderite added) (Figure 3) was observed. A rapid 
initial decrease of the phosphorus concentration was seen during the initial contact time. 
Comparing these results with the soil-only control treatments (Figure 3), the final 
phosphorus concentration in the soil-siderite mixture was substantially less at the end of 




Figure 4 Relationship between amount of phosphorus desorbed and contact time for 450 
grams of soil mix and 30 g of siderite (mixing conditions) in 1 L of DI water (average 
presented) 
Comparing the results shown in Figure 3 and Figure 4, siderite was able to 
reduce the phosphorus concentration present in the solution compared to the controls 
(soil mix, no siderite added). The average for constant is 0.1891 and for slopes is 
0.1879, constants are smaller compared to the values in Figure 3 (under mixing 
conditions) due to the influence of siderite, but slopes are slightly higher (9 to 43% 
higher) than the ones obtained for the control treatments. 
Comparing the values obtained of phosphorus concentration from the 
combination of soil mix + siderite with the control treatments as shown in Table 3, the 
reduction in phosphorus concentration (40-47% during 15-min contact time and 34-41% 
in the 720-min contact time) is considered to be due to the presence of siderite in the 
mix. As shown in Figure 3, a general increase of concentration of phosphorus over time 
due to phosphorus desorption from the media was observed. The differences of 
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phosphorus removal among the replicates, was expected to be influenced by the 
phosphorus initial concentration and its availability over time due to the phosphorus 
desorption process from the soil mix. Other studies (Zhang et al., 2017) have shown 
that initial phosphate concentration influenced the phosphate removal by siderite. 
Higher phosphorus removal for the replicates which controls showed a greater initial 
phosphorus concentration was expected.  
Table 3 Summary of effect in phosphorus concentration and removal rate of combination 
of Soil mix + Siderite over time 
Replicate Time 
Soil 
Cf (mg P/L) 
Soil + siderite 
Cf (mg P/L) Removal % X Removal (mg) q (mg/g) q (µg/g) 
Replicate # 1 0 0 0.0000     
 15 0.419225 0.2301 45% 0.1891 0.0063 6.304 
 30 0.48245 0.2544 47% 0.2257 0.0075 7.525 
 60 0.528225 0.3268 38% 0.1974 0.0066 6.580 
 120 0.637675 0.3773 41% 0.2526 0.0084 8.419 
Replicate # 2        
 0 0 0.0000     
 15 0.25225 0.1344 47% 0.1179 0.0039 3.929 
 30 0.269575 0.1482 45% 0.1202 0.0040 4.006 
 60 0.30045 0.1778 41% 0.1202 0.0040 4.008 
 120 0.354575 0.2141 40% 0.1363 0.0045 4.544 
 1440 0.218025 0.1654 24% 0.0505 0.0017 1.684 
        
Replicate # 3 0 0 0.0000     
 15 0.1917 0.1143 40% 0.0774 0.0026 2.581 
 30 0.20045 0.1152 43% 0.0844 0.0028 2.814 
 60 0.263433 0.1845 30% 0.0774 0.0026 2.578 
 120 0.2846 0.1834 36% 0.0982 0.0033 3.273 
 360 0.289 0.1968 32% 0.0885 0.0030 2.950 
 720 0.295875 0.1953 34% 0.0956 0.0032 3.186 
 1440 0.238775 0.2104 12% 0.0266 0.0009 0.888 
  2880 0.24324 0.2386 2% 0.0043 0.0001 0.143 
Cf = Final concentration 
The phosphorus removal over time is presented in Figure 5, where the 
phosphorus adsorption by siderite follow a similar trend among the three replicates. The 
21 
 
phosphorus removal was  relatively consistent over time among the replicates, with a 
decrease after the 24-hour contact time, similar to what occurred with the controls 
(Figure 3). This apparent decrease could be due to the presence of sand and clay in the 
soil mix that adsorbed the phosphorus initially desorbed by the soil mix. 
 
Figure 5 Effect of contact time of solution and combination of soil mix + siderite on 










Chapter 5: Conclusions 
Siderite removed phosphorus from aqueous solution, the effect of which 
increases as the siderite dosage and the contact time increases. With an initial target 
concentration of 1mg P/L and soil-liquid ratio of 1:100, the estimated saturated 
adsorption capacity of phosphorous of siderite was 94.27 µg P/g of siderite, using 
Langmuir isotherm adsorption model. 
Bioretention soil mix that contains compost as source of organic matter will 
contribute phosphorus to the water due to leaching. Phosphorous concentration will  
increase with longer contact period (column residence time) up to a 24-hr period. 
The combination of the bioretention soil mix and siderite was reduced the relative 
dissolved phosphorus concentration in water by 40-47% during the first 15-min contact 
time, as compared to the control (soil mix, no siderite added). The rate of change in 
phosphorous concentration over time followed a similar trend as the control, but with a 
higher average slope (increased concentration over time with a reduced concentration 
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